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INTRODUCTION
Nidogen is present in the basement membranes along with
type IV collagen, laminin, and heparan sulfate proteoglycans
(1, 2). Even though nidogen mediates the formation of the
three-dimensional structure of the basement membranes as
a structural protein (1, 3), nidogen also plays a role in cell
attachment, chemotaxis of neutrophils and nerve develop-
ment (4-8). In the peripheral nervous system (PNS), extra-
cellular matrix (ECM) proteins play an important role in pro-
moting nerve fiber growth during regeneration after injury
(9). For example, laminin and fibronectin promote periph-
eral nerve regeneration (10, 11). However, the function of
nidogen in peripheral nerve regeneration is still largely un-
known.
During peripheral nerve regeneration, the ability of periph-
eral neurons to extend their axons is increased, and success-
ful regenerative axon growth is also in part contributed by
Schwann cells, a glial component in the PNS (9, 12, 13). Sev-
eral mechanisms are implicated in the involvement of Sch-
wann cells in peripheral nerve regeneration. First, Schwann cells
secrete trophic factors for neurons (14) and secondly, Schwann
cells seem to directly influence growing axons via process
formation and migration (15, 16). The critical importance of
Schwann cells in peripheral nerve regeneration was proved
in experiments that showed great reduction of regeneration
by the inhibition of Schwann cell proliferation and migration
(17, 18). 
We previously showed that a recombinant nidogen induces
process formation and migration of Schwann cells (19). This
finding led us to investigate whether nidogen regulates regen-
erative axon growth via modification of Schwann cell func-
tions. In the present study, we examined the effect of nidogen
on regenerative axon growth of adult dorsal root ganglion
(DRG) neurons in vitro and in vivo.
MATERIALS AND METHODS
Explant cultures 
For explant cultures in collagen gel, collagens were prepa-
red as previously described (20). Thoracic and lumbar DRGs
were removed from 40-50 days old male Sprague-Dawley
rats (Samtako, Osan, Korea). Our college ethics committee
approved that our protocol fulfilled the guide of animal exper-
iments established by The Korean Academy of Medical Sci-
ences (DIACUC-07-11). Following the dissection of a DRG
into 2-3 explants under a stereomicroscope, the explants were
implanted into collagen gel (Fig. 1) or placed on a 6 well-Mil-
licell culture membrane (Millipore, Billerica, MA, U.S.A.,
10-12 explants/membrane, Fig. 2) as described before (19).
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Nidogen Plays a Role in the Regenerative Axon Growth of Adult
Sensory Neurons Through Schwann Cells
We previously reported that nidogen is an extracellular matrix protein regulating Sch-
wann cell proliferation and migration. Since Schwann cells play a critical role in periph-
eral nerve regeneration, nidogen may play a role in it via regulation of Schwann cells.
Here, we demonstrate direct evidence that nidogen induces elongation of regener-
ative axon growth of adult sensory neurons, and that the effect is Schwann cell de-
pendent. Continuous infusion of recombinant ectodomain of tumor endothelial mark-
er 7, which specifically blocks nidogen function in Schwann cells, suppressed regen-
erative neurite growth in a sciatic nerve axotomy model. Taken together, it is likely
that nidogen is required for proper regeneration of peripheral nerves after injury.
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Then, Fc or nidogen-Fc (21) containing Dulbecco’s modified
Eagle’s medium with 5% fetal bovine serum was added. After
2 or 3 days of culture, the explants were fixed with 4% para-
formaldehyde and immunostained with an anti-Tuj1 anti-
body (1/2,000, Covance, Princeton, NJ, U.S.A.). The neu-
rite outgrowth was examined under a Laser confocal micro-
scope (Carl Zeiss, Hamburg, Germany). Quantification of
the axonal elongation from the DRG explants (20 explants
in each of three independent experiments) in collagen gel
(Fig. 1) was carried out with LSM-510 software (Carl Zeiss)
after photographing the explants under the Laser confocal
microscope. Line draw tools were employed to automatically
measure the length of the TuJ1-positive neurites (180-200
neurites per group), and the difference of mean length bet-
ween groups was analyzed using the Student’s t test. Param-
eters with values P<0.05 were considered to be different sig-
nificantly.
Dissociated neuronal culture 
Dissociated DRG neuronal cultures were performed accord-
ing to standard protocol (22). Briefly, DRGs were enzymat-
ically digested with 0.125% collagenase type I (Sigma, St.
Louis, MO, U.S.A.) and 0.25% trypsin for 30 min at 37℃.
After enzymatic digestion, the cells were dissociated by me-
chanical trituration through a fire-polished glass pipette. The
cells (600 per well) were plated onto one well per eight-well
plate (Nunc, Rochester, NY, U.S.A.) coated with Fc or nido-
gen-Fc, and cultured for 36-48 hr in the presence of cytosine
arabinoside (10 μ M). The neurites were quantified after im-
munostaining of the neurons with an anti-Tuj1 antibody. A
cell with neurites longer than the cell body diameter was de-
fined as a neurite-bearing cell, and the number of such cells
was counted. The length of the longest neurite in a group of
180-200 neurons that were randomly selected was measured
using an LSM 510 image analysis program (Carl Zeiss). The
neurite lengths between the groups were compared using
the Student’s t test.
Sciatic nerve axotomy and continuous infusion of 
recombinant proteins
In order to study the role of nidogen in peripheral nerve
regeneration in vivo, adult male Sprague-Dawley rats (150-
300 g, n=10 for each group) were anesthetized with intra-
peritoneal injections of 10% ketamine hydrochloride (Sanofi-
Ceva, Dusseldorf, Germany; 0.1 mL/100 g body weight) and
0.1 mL Rompun (Bayer, Leverkusen, Germany), and their
sciatic nerves were exposed at mid-thigh level and sectioned
with a fine iris scissor (FST Inc, Foster City, CA, U.S.A.).
Infusion of recombinant proteins was performed by the me-
thod developed by Torigoe et al. (16) with minor modifica-
tion. The proximal stump was sutured to a catheter (inter-
nal diameter, 0.72 mm) in parallel with a single epineurial
8-0 monofilament nylon suture. Both ends of the catheter
and the proximal stump were placed into an artificial tube
made by a Millicell membrane (Millipore) covered by a para-
film, and then fixed with sutures. The catheter was flushed
with an Alzet mini-osmotic pump (Alzet, Cupertino, CA,
U.S.A., model 1002; total content, 100 μ L; delivery rate,
. . Fig. 1. The effects of Fc and nidogen-Fc on the neurite outgrowth of adult DRG explants. (A) DRG explants from adult rats were cultured
in collagen matrix, and the culture medium was supplemented with Fc (20 μ g/mL) or nidogen-Fc (20 μ g/mL) for 40 hr. Explants are immunos-
tained with anti-Tuj1 to label axons. Scale bar; 100 μ m. (B) Quantification of mean length of neurites. Values shown are mean lengths±
standard deviation. 
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0.25 μ L/hr for 14 days) containing alkaline phosphatase tag
(AP) or ectodomain of tumor endothelial marker 7 (eTEM-
AP [19]) (150 μ g). Skin incision was closed with sutures, and
animals were housed in plastic cages for 2 weeks.
Production of the recombinant proteins
The purification of Fc, nidogen-Fc, eTEM7-AP and AP was
done as previously described (21).
Cardiac perfusion and analysis of regenerating axons 
Two weeks after the operation, the animals were sacrificed
with cardiac perfusion. Briefly, the animals were transcardi-
ally perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer, and the proximal stump with the membrane tube was
removed. The parafilm was separated from the membrane,
and the membrane tube was carefully opened under a stere-
omicroscope. The membrane with regenerating proximal
stump was immunostained with an anti-Tuj1 antibody and
analyzed under a Laser confocal microscope (Carl Zeiss). The
length of the regenerating neurites was measured and analy-
zed as described above. The thickness of the regenerating neu-
rites was measured at the mid-point of randomly selected
TuJi-positive neurites (-200 neurites per group) using LSM-
510 software (Carl Zeiss), and the difference of mean thick-
ness between groups was analyzed using the Student’s t test.
Parameters with values P<0.05 were considered to be dif-
ferent significantly.
RESULTS
We first examined whether the purified recombinant nido-
gen could induce regenerative axon growth of adult DRG
explants using a classical three-dimensional culture. We cul-
tured lumbar DRGs from adult rats for 36-40 hr in collagen
gel containing Fc or recombinant nidogen (nidogen-Fc, n=
20-30 explants for each group). In contrast to poor growth
observed in the Fc-treated group, we observed extensive
growth of Tuj1-positive neurites from explants containing
nidogen-Fc (Fig. 1A), and the increase by nidogen-Fc was
dose-dependent. We measured the mean length of neurites
from explants, and found that the difference of the mean leng-
ths between Fc and nidogen-Fc-treated group was statistical-
ly significant (P<0.05) at 20 μ g/mL concentration (Fig. 1B).
Fig. 2. Schwann cell-mediated neurite outgrowth
by nidogen. (A) Dissociated neurons were purifi-
ed from adult rat DRGs and cultured on Fc or nido-
gen-Fc-coated dishes for 36 hr in the presence of
cytosine arabinoside, then immunostained with
an anti-Tuj1 antibody. Representative images of
the Fc-control and nidogen-Fc show no significant
differences in neurite growth pattern. Scale bar;
10 μ m. (B) Quantification of the number of neurite
bearing cells in dissociated DRG cultures. (C) DRG
explants were cultured on a Millicell membrane
for 3 days, and then double immunostained with
an antibody to Tuj1 (red) and an antibody to S100
(green). Note the significant colocalization of S100-
positive Schwann cells and neurites in the nido-
gen-Fc treated group. Scale bar; 100 μ m. 
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This experiment directly indicates the ability of nidogen to
increase the neurite growth of adult DRG neurons in three
dimensional cultures. 
Since it was reported that nidogen was unable to increase
neurite outgrowth in vitro (22), we suspected that the nido-
gen-induced axon growth of adult DRG explants might be
mediated through Schwann cells. To address this issue, we
employed a dissociated neuronal culture in which we could
effectively eliminate proliferation of most Schwann cell pop-
ulation with cytosine arabinoside. We then analyzed the effect
of nidogen on the neurite outgrowth of adult DRG neurons
in dissociated cultures. As shown in Fig. 2, the number of
neurite bearing cells from nidogen-Fc-coated dishes (up to
50 μ g/mL) was not significantly different from that of Fc-
coated dishes (Fig. 2B, P>0.05). We also examined the dis-
tribution of neurite length of the longest neurite within neu-
rite-bearing cells, and found that it was not increased by nido-
gen-Fc (mean±SD, 271±54 μ m, n=196 cells), compared
to Fc-controls (254±78 μ m, n=185 cells, P>0.05). In con-
trast, nidogen enhanced regenerative axon growth of DRG
neurons in the absence of cytosine arabinoside (data not sho-
wn). This finding indicates that the increase of neurite out-
growth by nidogen might be dependent on Schwann cells. 
We next employed a modified three dimensional culture
that can easily monitor Schwann cell migration from DRG
explants (Fig. 2C, [19]). Double immunostaining with an
antibody to a neuron marker, Tuj1, and an antibody to S100
(a Schwann cell marker) allowed us to directly compare Sch-
wann cell migration and neurite outgrowth on membrane
dishes. In Fc-treated explants, minimal outgrowth of neurites
and S100-positive cells were observed. In contrast, nidogen-
Fc dramatically induced Schwann cell migration from DRG
explants. Interestingly, an extensive outgrowth of neurites
from explants was also observed in the nidogen-Fc-treated
group. Furthermore, the distribution of neurites completely
coincided with that of migrating Schwann cells (Fig. 2C).
From these results, it can be inferred that nidogen-induced
Schwann cell migration might participate in axonal outgrowth
from DRG explants by nidogen in vitro.
In order to find out an endogenous role of nidogen in periph-
eral nerve regeneration, we tried to block nidogen using re-
combinant ectodomain of tumor endothelial marker 7 (eTE-
M7). We previously showed that TEM7 is a possible trans-
membrane receptor for nidogen and that eTEM7 can specif-
ically block nidogen function on Schwann cells without affect-
ing laminin or fibronectin functions (19). After sciatic nerve
axotomy, we continuously infused recombinant eTEM-AP
or AP for 2 weeks using an Alzet mini-osmotic pump. The
immunostaining of regenerative axons from proximal stumps
of the axotomized sciatic nerves demonstrated that the regen-
erating axons of the eTEM7-AP-treated group showed signs
of abnormal regenerative axon growth, compared to that of
AP-treated controls. First, the regenerative axons looked frag-
ile and dystrophic in eTEM7-AP-treated group (Fig. 3A).
Second, the diameter of the regenerating axons was thinner
in eTEM7-AP-treated group, compared to the AP-control
(Fig. 3B). However, the mean length of the regenerating
axons in eTEM7-AP-treated group (Fig. 3C) was not signif-
icantly shorter than controls. These findings suggest that ni-
dogen is required for proper regeneration of peripheral nerves
after injury in vivo. 
DISCUSSION
In the present study, we demonstrated that nidogen induces
neurite growth of adult DRG neurons. Since the nidogen-
induced neurite growth was not observed in the condition in
which the growth of Schwann cells was suppressed, nidogen-
induced changes of Schwann cells seem to contribute to the
neurite elongation by nidogen. We previously reported that
nidogen induces process formation and migration of Schwann
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Fig. 3. In vivo effect of nidogen inhibition on peripheral nerve regeneration. After sciatic nerve axotomy, AP or eTEM7-AP was infused using
an Alzet mini-pump for 2 weeks and then the regenerative axons were stained with an anti-Tuj1 antibody. (A) The axonal morphology is
high dystrophic in the eTEM7-treated group compared to the Fc-treated group. Scale bar; 100 μ m. (B). The diameter of neurites in eTEM7-
AP-treated group was thinner than that of AP controls. *P<0.05. (C). The mean lengths of regenerating neurites from AP and eTEMP7-AP-
treated group showed no difference.
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cells in vitro (19). Schwann cell processes and migration are
important for axonal regeneration of the axotomized nerves
(15, 16). Regenerating axons extend from the proximal end
in association with Schwann cell processes and appear to
navigate along them (16). In agreement with this finding, we
observed a correlation between Schwann cell migration and
neurite outgrowth in explant cultures on a Millicell mem-
brane. Thus the present study provides evidence to an inter-
esting hypothesis that nidogen enhances neurite outgrowth
from adult sensory neurons through Schwann cells. 
It was previously shown that nidogen, co-purified with la-
minin, did not seem to have neurite promoting activity on
neurons (22). In contrast to nidogen, laminin has a great po-
tential to initiate neurite outgrowth in a variety of neuronal
cells including DRG neurons (23). Thus it seems that nido-
gen has a different way to regulate neurite outgrowth from
laminin, even though two proteins co-exist in the ECM of
many tissues, including the peripheral nerves. However it is
still unknown how nidogen alters the phenotype of Schwann
cells to indirectly promote nerve regeneration. It may be pos-
sible that nidogen induces expression of cell adhesion mole-
cules in Schwann cells, or nidogen may make Schwann cells
release certain factors which can promote neurite growth. To
clarify the factors which are induced by Schwann cells after
their exposure to nidogen further studies are required includ-
ing the molecular mechanism of this phenomenon.
We previously showed a dramatic increase of nidogen m-
RNA expression after sciatic nerve injuries (19). This find-
ing may indicate a potentially important role of nidogens in
peripheral nerve regeneration in vivo. In order to demonstrate
an endogenous role of nidogen in peripheral nerve regenera-
tion, we tried to specifically block nidogen during peripher-
al nerve regeneration using a recombinant ectodomain of
TEM7. Even though the physiological relevance of the inter-
action between nidogen and TEM7 is still unknown, eTEM7
specifically inhibited Schwann cell responses to nidogen by
interacting with nidogen (19). In this study, we found that
continuous infusion of eTEM7 hampered the regenerative
axon growth of injured sciatic nerves, compared to controls.
The regenerating axons in the eTEM7-treated group were
very thin and looked as if they were degenerating. Our in
vivo experiment indicates that nidogen may be important
for maintenance of the stability of regenerating axons. This
finding in part coincides with findings of Torigoe et al. (16).
They suggested that Schwann cells play a role in the late ph-
ase of nerve regeneration, rather than participating in the in-
itial elongation of regenerating axons. On the other hand, the
length of the regenerating axons was not shorter in eTEM7-
treated group, compared to controls, indicating that nidogen
might not be implicated in the initial elongation of regen-
erating axons in vivo, even though neurite outgrowth was
induced by nidogen in explant cultures. If the dose of eTEM7
is increased, the length of regenerating axons may also be de-
creased. Taken together, our in vivo data support the hypoth-
esis that nidogen might be involved in peripheral nerve regen-
eration through Schwann cells. 
Conclusively, our observation for the first time attributes
a functional role of nidogen to peripheral nerve regeneration.
It is likely that nidogen can constitute a valuable therapeu-
tic tool for peripheral nerve injuries. 
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